Introduction
RNA maturation is a multistep process involving many post-transcriptional events, among which chemical modifications of the constituent nucleosides are the most complicated yet poorly understood. tRNA is a major RNA type that undergoes extensive modifications and carries structurally unique modified nucleosides. To date, over 160 modification enzymes and 100 different chemical modifications have been identified in tRNA [1] . (For more information, http://modomics.ge nesilico.pl/modifications/.) It also has been estimated that a tRNA molecule can contain up to 25% modified nucleosides [2] .
Two positions in tRNA are most heavily modified: position 34, i.e. the wobble nucleotide, and position 37, the nucleotide adjacent to the anticodon. Modifications at these sites are considered to play a role in the Abbreviations EcTrmL, Escherichia coli TrmL; EMSA, electrophoretic mobility shift assay; MTA, 5 0 -methylthioadenosine; MTase, methyltransferase; SAH, S-adenosyl-L-homocysteine; SAM, S-adenosyl-L-methionine; spTrm10, Schizosaccharomyces pombe Trm10; TtTrmL, Thermus thermophilus TrmL.
stabilization of tRNA structures, enhancement of the codon-anticodon interactions, and extension of wobble base usages [3] [4] [5] . These nucleoside derivatives come in various forms in nature. They range from simple methylations on bases or ribose rings to so-called 'hypermodifications', which lead to the addition of complex and elegant functional groups to canonical bases, and usually require the participation of multiple enzymes. Of all the modifications, methylation is one of the most common types.
Based on their methyl donors, tRNA methyltransferases (MTases) can be assigned to two classes: while the majority of tRNA methyltransferases use S-adenosyl-L-methionine (SAM) as the donor and produce Sadenosyl-L-homocysteine (SAH) as the product, the rest utilize 5,10-methylenetetrahydrofolate as the cofactor. Based on their three-dimensional structures, tRNA MTases have been grouped into four distinct superfamilies, namely Rossmann-fold (RFM), SpoU-TrmD (SPOUT), radical-SAM and FAD/NAD(P)-dependent MTases (reviewed in [6, 7] ). Most known MTases belong to the RFM family, followed by the SPOUT superfamily.
RFM family enzymes contain seven b-strands, which are flanked by a-helices to form a classical Rossmann fold of a bab motif [8, 9] . In contrast, the SPOUT superfamily members display the SPOUT fold, a Cterminal topological knot responsible for SAM binding, as well as a Rossmanoidal a/b fold at the N termini [10, 11] . All SPOUT members function as dimers except for Trm10 from yeast, which catalyzes the methylation of the G9 base in tRNA [12] and exists as a monomer in solution as suggested by small-angle Xray scattering studies [13] . The cofactor-binding loop in the knot of one subunit is stabilized by interactions with the other. This dimeric state is considered essential for MTase activity, although the dimerization modes could be different between different SPOUT superfamily members. Particularly in the dimers formed by RlmB, TrmH, RrmA, YibK, RsmE and MT0001, the strands making the two sheets within the dimer are nearly perpendicular to each other. In contrast, their counterparts in TrmD and YbeA are antiparallel [11, 14] .
In Escherichia coli, four tRNA modification enzymes have been identified as belonging to the SPOUT superfamily: TrmH (Gm18 methyltransferases) [15, 16] , TrmD (m 1 G37 methyltransferases) [14, 17, 18] , TrmJ (Um32/Cm32 methyltransferases) [19] and TrmL [20] . TrmL enzymes are widely distributed throughout the bacterial kingdom, and their average lengths are~150 amino acids. The deletion of TrmL from E. coli leads to reduced codon-anticodon interactions, and also affects the recovery of cells from the stationary phase [20] . The first crystal structure of TrmL was obtained from Haemophilus influenza (HI0766). Previously known as YibK, the protein forms a compact a/b fold and contains a trefoil-knot at the C terminus, which binds to SAH. Due to the small size, YibK lacks the apparent tRNA-binding domain, and was thought to function with the help of a partner protein [21] . However, studies by Benitez-Paez and coworkers on YibK revealed that YibK is a stand-alone enzyme and is capable of methylating an in vivo-expressed, 170-nt RNA chimera substrate independently. YibK was renamed as TrmL thereafter [20, 22] . In 2013, the crystal structures of the E. coli TrmL (EcTrmL) in the apo-and the SAH-bound forms were reported by Liu et al. [23] Using in vitro transcribed tRNAs, they further demonstrated that EcTrmL efficiently methylates two leucine-specific tRNA isoacceptors.
In this work, we crystallized TrmL from Thermus thermophilus (TtTrmL), a protein that shares 45% sequence identity with EcTrmL, and determined the crystal structure to a high resolution of 1.7
A. The enzyme contains the typical SPOUT domain as observed in many methyltransferases. Surprisingly, we found a fortuitous ligand of 5 0 -methylthioadenosine invariantly bound at the SAM binding pocket, and it displays the same orientation as similar ligands in previously solved cocrystal structures. Moreover, this ligand could be exchanged out by SAH and the enzyme is still chemically competitive for methyltransfer reactions. Additionally, using multiple sequence alignment and structural superimposition, we identified a universally conserved glutamate to be the likely general base for the initial deprotonation reaction. Based on our current structure and previous studies on the TrmL orthologs, we proposed the dimer interface to be the tRNA-binding site for TtTrmL. This study sheds light on the enzymatic mechanism employed by TrmL.
Results
Overall structure of the TtTrmL-5 0 -methylthioadenosine complex
The full-length TtTrmL contains 168 residues, with 19 extra amino acids (including the (His) 6 -tag and a PreScission protease recognition sequence) being appended at the N terminus. The crystal diffracted to a high resolution of 1.7 A. Each asymmetric unit contains two monomers, with a Matthew's coefficient of 2.52 and an estimated solvent content of 51.3%. Both chains display well-defined electron density, free of internal disorders: chain A is visible from Gly2 to Ala149, and chain B is visible from His12 to Thr147. The refined model contains a total of 312 amino acids and 314 water molecules. The refinement statistics are summarized in Table 1 .
The overall structure of TtTrmL is composed of a basic SPOUT domain comprising seven b-strands and seven a-helices (three of which are 3 10 -helices), with the sheet being sandwiched by helices on each side (Fig. 1A) . The topology of the domains is illustrated in Fig. 1B . The N-terminal half forms the Rossmannlike fold, which is common among SAM-dependent MTases. The hydrophobic knot at the C-terminal half is formed mostly by the Arg114-Leu131 fragment, which tunnels under the hoop formed by Phe79-Leu87 (Fig. 1A) .
The two monomers form a dimer, and bury 4400 A 2 surface area using the C-terminal a4 helices as the interface (Fig. 1C) . Gel-filtration chromatography analyses indicated that TtTrmL forms a species with a molecular mass of~30 kDa in solution, whose theoretical molecular mass of a dimer is 37.4 kDa, including the N-terminal (His) 6 -tags. To find out the true size of TtTrmL, we performed size-exclusion chromatography coupled to static light scattering (SEC-SLS) analysis. The results showed that the molecular mass of TtTrmL is 40.6 kDa ( Fig. 2A) , consistent with the size of a dimer. This oligomeric state is in line with the findings that SPOUT members usually form a dimer. The strands forming the two sheets of TtTrmL run perpendicular to each other, which places TtTrmL in the same category as TrmH in terms of the dimerization mode. The two monomers within the asymmetric unit resemble each other, and their rmsd is 0.9
A over 149 Ca atoms (Fig. 2B) . A noticeable difference is around the Lys45-Tyr51 fragment, which is located on a flexible loop. Interestingly, the N-terminal extension of chain B forms possible crystal contacts, where His-9 and His-10 from the (His) 6 -tag make hydrogen bonds with the side chains of Ser40 0 , and the main chain carbonyl groups of Leu35″ and Asp61″ (the prime and double primes indicate residues from two different symmetry-related molecules; Fig. 2C ).
Active site and comparison to other methyltransferases
The protein for crystallization was in the apo form, and no ligand was added prior to crystallization. Surprisingly, during the refinement process, interpretable positive density resembling SAM was observed around the trefoil region. After careful inspection of the map and refinement trials with various ligands including SAM, SAH, ATP and AMP, a 5 0 -methylthioadenosine (MTA) molecule was fit and best matched the density (Fig. 3A) . This fortuitous ligand probably came from the E. coli expression host. It was a possible degradation product of SAM, because SAM is a relatively unstable molecule that can produce MTA during the purification and crystallization processes (Fig. 3B ) [24, 25] .
In the active site, MTA snuggly fits into a tight substrate-binding pocket, which is located close to the dimer interface. The recognition of the ligand is achieved by hydrogen-bond interactions with main chains of some critical residues. Specifically, N1 and N6 each donate a hydrogen bond to Ile120, whereas N7 makes a hydrogen bond with the nitrogen of Leu129. These hydrogen bonds hold the purine ring in place. Additionally, three more hydrogen bonds are made to the ribose ring, with the O2 0 atom forming two hydrogen bonds with Phe79 and Gly101, and the O3 0 atom forming one hydrogen bond with Gly101 (Fig. 3A) . The MTA molecule in the other monomer of the dimer is in an almost identical environment as described above. However, in the vicinity of MTA, a molecule of glycerol is found. The hydroxyl groups of glycerol interact with the backbone of Phe79 and Ala81, as well as the side chain of Ser80 (Fig. 3C) . Additionally, it also forms a hydrogen bond with the 3 0 -hydroxyl group of MTA and a water molecule. These interactions lock the glycerol molecule in the active site. We later solved the structures of apo-TtTrmL from datasets we collected on two more individual crystals, and all three structures showed clear density for the MTA ligand. The reproducibility of the MTA-bound cocrystals was rather intriguing, suggesting that the binding affinity of the ligand to the enzyme is very high. We later soaked the SAH ligand into the cocrystals of the original TtTrmL-MTA complex and determined the structure after the soaking process. The solved structure was virtually identical to that of the TtTrmL-MTA complex in that the active-site residues retained the same positions and orientation. However, at the ligand-binding site, the electron density map showed that the MTA ligand originally bound to chain A was largely swapped out, and a molecule of SAH occupies this site and fits the density well (data not shown). In contrast, the exchange at the active site of chain B was only partial. These results indicated that MTA was not irreversibly bound to the enzyme, and that the enzyme was still capable of chemical reactions, as suggested by its active exchange with the SAH ligand.
TrmL is a modification enzyme widely distributed in eubacteria. It shares 45% sequence identity with EcTrmL. A DALI search showed that the closest structural homologues for this protein come from its E. coli ortholog in the free form (PDB codes 4KDZ and 4JAK) [23] , followed by Haemophilus influenzae TrmL (HiTrmL) in the apo form (PDB code 1J85) [21] , as well as HiTrmL in complex with SAH (PDB code 1MXI) [21] . The overall structures of TrmLs are conserved, only with variations at the N and C termini and some loop regions. The rmsd with apo-EcTrmL is 1. 24 A over 142 Ca atoms (Fig. 4A) . Additionally, the critical residues involved in SAM/SAH binding are conserved in sequences as indicated by the multiplesequence alignment (Fig. 4B) . Structural comparison revealed that the orientation of the ligands is very similar except for minor differences at the methionine moiety. In addition, the backbone positions of the respective residues are well conserved (Fig. 4C ).
Enzymatic activity characterization
To check if the putative enzyme is capable of methylation, we performed methyltransfer assays. We first in vitro-transcribed tRNA [26] as a positive control. However, our initial attempts failed to detect any activity for the TtTrmL enzyme. After extensive trial and error, we found that successful methylation with in vivo-expressed i 6 AEctRNA Leu UAA depends on two key factors. (a) The MTA ligand contained inside TtTrmL needs to be exchanged out. This was achieved by overnight incubation of prepared TtTrmL in a buffer containing 1 mM SAM, which was in great excess over MTA. The unexchanged enzyme was completely inactive, suggesting that the occupancy of MTA at the active site blocks the entry of the authentic substrate, SAM. (b) The reaction greatly depends on pH, as the reaction was slow at lower pH values (pH 8.0) but appreciable enhancement was seen at higher pH (especially~pH 10.0). As shown in Fig. 5A , the activity at pH 10.0 was almost triple the rate at pH 9.0.
To explore the biochemical properties of TtTrmL, we first checked the activity dependence on salt concentrations. Assays performed at three salt concentrations (150, 300 and 500 mM KCl) showed that the optimal salt concentration for TrmL methyltransfer activity is 150 mM (Fig. 5B) . Since T. thermophilus is a thermophile, we next investigated the impact of temperature on TtTrmL. The reactions were performed using two temperatures: 37 and 60°C. To our surprise, we found that reactions performed at 37°C had slightly higher rates, but the overall trend was the same as that performed at 60°C (Fig. 5C ). This result suggested that our hypomodified tRNA substrate has difficulty in maintaining its overall shape at 60°C and therefore manifests reduced activity at a higher temperature. Next, we tested the cross-species methylation activity between E. coli and T. thermophilus, using i 6 ATttRNA Leu UAA and i 6 A-EctRNA Leu UAA as the substrates. The assays were performed at pH 10.0 and 37°C, with 150 mM KCl present. The results demonstrated that both enzymes were capable of methylating their non-cognate substrates (Fig. 5D,E) . The successful methylation results were consistent with studies by Zhou et al. [27] , which indicated that i 6 A37-TttRNALeu UAA is a sufficient substrate for modification by TrmL. Interestingly, EcTrmL displayed remarkably higher activities (Fig. 5E) than TtTrmL (Fig. 5D ) (120 000 CPM vs 3300 CPM). The cross-methylation results suggested that the two enzymes employ a similar catalytic mechanism but the differential methylation activities suggested that there exist relatively large differences in some aspects of the reaction. Lastly, we tested i (Fig. 5F ).
Possible catalytic mechanism
Although numerous structures of 2 0 -O-methyltransferases have been solved, the chemical reactions of these modification enzymes are poorly understood in terms of both substrate recognition (i.e. the tRNAbinding mode) and the catalytic mechanisms. In order for the reaction to happen, the 2 0 -hydroxyl group has to be deprotonated first, but the identity of the general base is unknown. Multiple-sequence alignment revealed that a glutamate residue (Glu103 in the TtTrmL numbering system) is absolutely conserved among TrmLs across all species, suggesting the functional importance and selection pressure over this residue during evolution (Fig. 4B ). This residue is located at the dimer interface and its Ca is~4. 4 A from the sulfur atom of MTA; it is the only possible candidate for the deprotonation function from the structural perspective (Fig. 6A ). This residue is also conserved in TrmH and TrmJ from E. coli, and is substituted by a similar aspartate (Asp207) in Trm10 from Schizosaccharomyces pombe (spTrm10, Fig. 6B-D) . Interestingly, in the crystal structure of EcTrmL determined by Liu et al., a molecule of HEPES from the buffer solution is found near the SAH-binding region. This HEPES molecule is considered to mimic a uridine or cytosine nucleoside [23] and is within hydrogen-bonding distance from Glu103 of TtTrmL (or Glu102 in EcTrmL). In particular, the distance between Ca of Glu102 and C6 of HEPES (possibly mimicking the pyrimidine O2 0 atom) is~6.3 A (Fig. 6B) . The perfect location of the glutamate residue renders it a plausible candidate as the general base for the deprotonation of the 2 0 -OH group. Furthermore, activity assays have shown that the D207A mutation abolishes enzymatic activity of spTrm10 and consequently Asp207 has been proposed to be the catalytic nucleophile [13] . However, to abstract the proton from the 2 0 -OH group, the side chain of Glu103 (or Asp207 in spTrm10) has to flip1 80 o and the position of SAM/SAH will move accordingly upon the flip (Fig. 6D) . Therefore, the reaction is likely to be initiated with the deprotonation of the 2 0 -hydroxyl proton by Glu103, which results in an oxyanion on the ribose ring (Fig. 6E) . A nearby invariant residue Arg105 could form electrostatic interactions to stabilize the 2 0 -oxyanion until the methyl group is pulled off from SAM.
To check the importance of the key catalytic residue Glu103, we created the E103A mutant and tested its activity. The mutation greatly impaired the methyltransfer capability of the enzyme (0.1% activity left), as shown by the activity analysis (Fig. 5G) . By comparison, the E102A mutant in EcTrmL decreased its methyltransfer activity only by half (~45% activity left, Fig. 5H ). This result indicates that E102 in EcTrmL plays a less significant role in catalysis. The substantially remaining activity of EcTrmL is currently unclear to us and it suggested that the two orthologs still have differences in their catalytic mechanisms despite their high sequence identity.
The tRNA-binding site
EcTrmL forms a dimer in solution and the enzyme functions as a dimer, which is also the case for TtTrmL and EcTrmJ. We performed an electrostatic surface analysis on the biological dimer of TtTrmL and discovered that the dimer interface forms a positive groove with bound MTA near the interface (Fig. 7A) . Previous studies have proposed the interfacial cleft between the two subunits as the tRNA-binding elements in tRNA MTases such as Trm10 [13] . Compared with the E. coli ortholog (Fig. 7B) , the positive patch in TtTrmL is much larger. It is possible that this positive groove of TrmL serves as the binding site for the tRNA substrates. By analyzing the structure of TrmL, we found a few candidate residues at the dimer interface that may contribute to the binding of tRNA: Asn17, Asn130, Lys43, Arg46 and Arg82. We therefore tested their alanine mutants by electrophoretic mobility shift assay (EMSA). However, the N130A and N17A mutants were expressed in inclusion body. Additionally, the K43A had slight aggregation problems, but the rest of the mutants were well folded as assessed by analytical size-exclusion chromatography. Therefore, we chose to mutate Asn17 and Asn130 to aspartates. The EMSA results showed that three mutations N17D, N130D and K43A, greatly diminished . Presumably the negatively charged aspartates repulsed the backbone phosphates of tRNA. R46A also had a similar effect but to a lesser extent (Fig. 7C) . On the other hand, R82A barely generated any consequences in terms of association to the tRNA molecule (data not shown), probably due to its relatively distant position to the interface and opposite orientation of its side chain (Fig. 7C) . Therefore, N130, N17 and K43 are important for the binding of tRNA substrate and their roles will become clearer once cocrystal structures of the enzyme bound by cognate tRNA substrates become available.
Discussion
TrmL is an enzyme possessing interesting biochemical properties. Our initial activity characterization of TtTrmL was largely unsuccessful. It was not until we preincubated the SAM cofactor with the enzyme overnight and changed the reaction pH to 10.0 that we regained reasonable activity. The preincubation procedure allowed the enzyme to release the bound MTA ligand, which interfered with the methyltransferase reaction, as well as the affinity measurement of MTA to the enzyme by isothermal titration calorimetry (data not shown). Therefore, the recombinant TtTrmL was in an inactive state due to the presence of MTA, which can be exchanged out by excessive SAH/SAM, as shown by our activity data and crystallographic studies on the SAH-soaked cocrystals. Additionally, both enzymes showed remarkable increase in reaction rates at higher pH values, and this pH dependence deserves further investigation.
In the activity assays, we found that the reactions do not necessarily have to be conducted at higher temperatures, although the 60°C reaction rate is probably higher for the fully modified tRNA substrate. With i 6 AEctRNA Leu UAA as the substrate, the reaction rate at 60°C was actually slightly lower than that at 37°C, probably due to the partial unfolding of i 6 A-TttRNA Leu resulted from the lack of other modifications.
We then checked the cross-methyltransfer activities toward the tRNA substrates. Notably, both EcTrmL and TtTrmL display crossing-methylation activities toward their non-cognate tRNA substrates, probably due to a high sequence identity (78%) shared between i 6 A-TttRNA Leu UAA and i 6 A-EctRNA Leu UAA . More interestingly, EcTrmL has much higher activity than TtTrmL toward the same substrates, suggesting that EcTrmL is a more efficient enzyme than TtTrmL. In addition, in vitro-modified i 6 A-TttRNA Leu UAA could be more efficiently methylated by EcTrmL than in vivo-expressed i 6 A-EctRNA Leu UAA (120 000 CPM vs 30 000 CPM), while the activity of TtTrmL did not change much across species (2300 CPM vs 3300 CPM). The reasons for these results are not completely understood. However, there are at least two reasons for the substantial activity difference: (a) the TtTrmL enzyme for activity tests was not in the apo form, and it contained exchanged SAM inside the active site, which might cause difficulty in substrate binding in the methyltransfer reactions; and (b) TtTrmL was tested at 37°C, not at its optimal temperature. From electrostatic surface analysis, TtTrmL is much more basic than EcTrmL. This is consistent with the fact that the pI value of EcTrmL is lower than that of TtTrmL, as indicated by our native PAGE analysis (P. Pang, X. Deng & W. Xie, unpublished results). It is not known whether or how these factors contribute to the enzyme turnover difference. However, our EMSA assays indicated that the affinities of TrmLs to various forms of tRNA Leu s are similar and their K D values are mostly within twofold differences, regardless of species (data not shown), suggesting that the activity difference is not due to the differential binding affinities of tRNAs. The considerable difference in activity between TtTrmL and EcTrmL is an interesting problem and warrants further investigation. Furthermore, we identified a putative general base Glu103, whose mutation leads to the total loss of activity for TtTrmL. However, the equivalent mutation in EcTrmL had a much smaller influence, which again implies that mechanistic differences between the two enzymes still exist. tRNAbound TrmL structures may provide more insight into this problem.
Lastly, it has been also demonstrated that the in vivo 2 0 -O-methylation by TrmL is dependent on the ms 2 i 6 A37 modification in E. coli [20] . Our assays showed that TttRNA Leu isoprenylated in vitro could be efficiently methylated by TrmL, in line with findings by Zhou et al. [27] . These observations suggested that the 2 0 -O-methylation is i 6 A37-dependent, but other modifications are probably dispensable.
Materials and methods
Cloning, expression and purification of TtTrmL 
Crystallization and crystallography
The (His) 6 -tag was not removed before crystallization. Initial crystallization screening was using a sitting-drop setup, and 0.5 lL 2.0 mgÁmL À1 protein was mixed with an equal volume of the reservoir solution at 18°C. Small rod-shaped crystal were obtained overnight in a condition of 20% PEG 3350, 0.2 M NaCl and 0.1 M HEPES (pH 7.5). After optimization, thick crystals were obtained from a condition consisting of 16% PEG 3350, 0.6 M NaCl and 0.1 M MES (pH 6.5).
The fully grown crystals were soaked for 1-3 min in a cryoprotective solution containing all the components of the reservoir solution supplemented 20% glycerol (v/v). The soaked crystals were mounted on nylon loops and flash frozen in liquid nitrogen. Native data were collected from frozen crystals at -173°C on an ADSC Q315 CCD detector using Beamline 17U1 (BL17U1, Area Detector Systems Corporation, Poway, CA, USA) at the Shanghai Synchrotron Radiation Facility (SSRF, Shanghai, China). The data were processed with the program HKL2000 [28] and the space group of the cocrystals belongs to P6 2 . The structure was solved by molecular replacement using the program PHENIX with the coordinates of the EcTrmL structure (PDB code 4JAK) [23] as the search model. There were two molecules in the asymmetric unit. The initial model was extended by ARP/wARP [29] and the resulting model was further built manually according to the electron density map with COOT [30] . Multiple cycles of refinement alternating with model rebuilding was carried out by PHENIX.REFINE [31] . The final R-factor was 17.4% (R free = 19.9%) ( Table 1 ). The Ramachandran plot of the final model has 98.10%, 1.90% and 0% of the residues in the most favorable, generously allowed and disallowed region. The final model was validated by SFCHECK [32] . The structural figures were produced with PYMOL (www.pymol.org) and the charge distribution on the protein surface was calculated by APBS [33] . The topology of the TtTrmL was generated by the program PRO-ORIGAMI [34] .
Size-exclusion chromatography-static light scattering
The characterization of the molecular mass of TtTrmL was performed on a Superdex 75 size-exclusion column (SEC 10/300 column, GE Healthcare) coupled to a Viscotek VE 3580 RI detector and a 270 Dual light scattering detector (Malvern Instruments, Malvern, UK), using OmniSEC software for data analysis. The SEC-UV/LS/RI system was pre-equilibrated in 20 mM Tris/HCl pH 8.0, 500 mM NaCl and 1 mM DTT at a flow rate of 0.3 mLÁmin À1 . The standard protein BSA (monomeric, 66.4 kDa) used for size calibration was analyzed under the same experimental condition. One hundred microliters of purified TrmL (2 mgÁmL
À1
) was loaded onto a Superdex-75 column and data were collected using right angle light scattering. The oligomeric state of TrmL from the solution was calculated using methods described previously [35] .
In vitro transcription
The in vitro transcription of T. thermophilus tRNA Leu s followed a previous protocol [36] .
tRNA isopentenylation
The gene encoding MiaA (D 2 -isopentenylpyrophosphate tRNA-adenosine transferase; accession number: NP_ 418592.1) from E. coli (EcMiaA) was inserted into the pET-21b (+) vector with a C-terminal (His) 6 -tag and expressed in E. coli BL21(DE3). The protein was purified using a combination of affinity and anion-exchange chromatography. The isopentenylation protocol was described by Zhou et al. [27] . Briefly, the reaction was incubated at 37°C for 4 h, and contained 50 mM Tris/HCl pH 7.5, 4 mM MgCl 2 , 5 mM DTT, 10 mM in vitro transcribed tRNAs, 50 mM dimethylallyl diphosphate (Echelon Biosciences, Salt Lake City, UT, USA) and 1 lM EcMiaA. The reaction was quenched and extracted with phenol, and precipitated with ethanol. The RNA pellet was washed with 70% ethanol and redissolved in TE buffer containing 20 mM Tris/HCl pH 8.0 and 1 mM EDTA. The tRNA was annealed by heating to 65°C and allowed to cool to room temperature after addition of 10 mM MgCl 2 . The annealed RNA was aliquoted and stored at À80°C for further use. The E102A point mutations were created through PCRbased mutagenesis by the QuikChange protocol using WT EcTrmL as the template, and the expression and purification of the mutant was conducted in an identical fashion.
In vivo expression of EctRNA
Leu UAA
The in vivo-expressed EctRNA Leu UAA was provided by Prof. E. Wang, and lacks U34 2 0 -O-methylation [23] .
Methyltransferase activity assays
The MTA ligand present in TtTrmL wild-type and E103A was exchanged out before the activity test. After QHP column purification, 0.6 mgÁmL À1 protein was incubated in a buffer of 500 mM NaCl, 20 mM Tris/HCl pH 8.0, 1 mM DTT, 10% glycerol and 1 mM SAM at 4°C for overnight exchange with SAM. The mixture was then dialyzed in a buffer containing 500 mM NaCl, 20 mM Tris/HCl and 1 mM DTT, at 4°C for 4 h. Ten per cent glycerol was added to the proteins before storage at -80°C.
The methyltransfer assays followed a previous protocol described by Liu et al. [23] . The typical assay mixture contained the following components unless stated otherwise: 150 mM KCl, 100 mM CHES/NaOH pH 10.0, 10 mM MgCl 2 , 2 mM DTT, 5 lM i 6 A-tRNAs and 2 lM [ 3 H]SAM (82.7 CiÁmmol À1 , PerkinElmer, Waltham, MA, USA). One micromolar TrmL WT or mutant was added to initiate the reactions at 37 or 60°C as indicated. Aliquots were removed at the designated time points, spotted onto trichloroacetic acid-soaked filter pads, and washed twice with 5% cold trichloroacetic acid and 95% cold ethanol. The filter pads were dried and measured by scintillation counting.
To study the pH effects on the enzyme activity, the reactions were performed at three pH values: 8.0, 9.0, and 10.0. To investigate whether the concentrations of KCl influence the enzyme activity, the KCl concentration in the assay mixture was changed from 150 to 500 mM as indicated.
Electrophoretic mobility-shift assay
The EMSA experiments followed a previous protocol [37] . The standard 10 lL binding reaction mixture contained 40 mM Tris/HCl (pH 8.0), 20 mM KCl, 4 mM MgCl 2 , 2 mM DTT, 5% glycerol, 1 lM in vitro-transcribed TttRNA Leu CAA and various amounts of TtTrmL. The complex was allowed to form in three molar ratios (enzyme to tRNA of 1: 1, 1: 3 and 1: 6) and mixtures were incubated at room temperature for 30 min. The loading buffer (6% glycerol and 0.1% bromophenol blue) was then added and the samples were electrophoresed in a 6% non-denaturing polyacrylamide gel (pH 8.3) at 4°C at 14.0 VÁcm À1 using 0.5 9 Tris-borate-EDTA running buffer (pH 8.3) for 45 min, followed by staining with ethidium bromide. Each assay was performed in duplicate.
